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Abstract: Effects of titania (TiO2) and silicon carbide (SiC) on phase development
and physico-mechanical properties of mullite-carbon were investigated. Powdered
clay, kaolinite and graphite of predetermined compositions were blended with
additives using ball mill for 3 h at 60 rev/min. Samples were produced by uniaxial
compression and sintered between 1400°C and 1600°C for 1 h. They were charac-
terized for various properties, phases developed and microstructural features. The
addition of TiO2 and SiC in the sample lead to the formation of TiC in the sample at
1400°C and 1600°C. This takes place through high-temperature solid-state reaction
(reaction sintering) of TiO2 and SiC. This also contributes to the reduction in the
apparent porosity of the sample with increased sintering temperature. The presence
of titania in the sample does not favour the stability of anorthite beyond 1400°C.
The formation of 50.6% mullite in the sample at 1500°C made it have the highest
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cold crushing strength and absorbed energy. Young’s modulus of the sample
increased with increased sintering temperature. The sample sintered at 1500°C is
considered optimum.
Subjects: Aerospace Engineering; Tribology; Vibration; Manufacturing Engineering;
Materials Science; Production Engineering
Keywords: Additives; ceramic composite; carbon-clay; phase development; mullite
1. Introduction
Composites are engineering materials having a combination of two or more constituents whether
organic, inorganic or any metal which will give the combined properties of each phase (Jayasankar
et al., 2010).
Ceramic matrix composites (CMCs) are very useful materials applicable in the area of demanding
mechanical and thermal requirements. Although ceramic matrices are prone to brittle failure,
CMCs have been developed to achieve quasi-ductile fracture behaviour and maintain all other
advantages of monolithic ceramics at high temperatures. For instance, CMCs can be designed to be
as strong as metals, while they are much lighter and with the ability to withstand much higher
temperatures. These advantages led to their application in automotive and aerospace engineering
(Silvestre, Silvestre, & de Brito, 2015). There are several factors upon which the properties of CMC
depend, such as the quantity, distribution of the final formed and the processing route used for the
synthesis. The raw materials and inclusion additives into the CMC have a great influence on phase
evolution in the material and final property of the product (Elgamouz & Tijani, 2018). Many
researchers have focussed research activities in this direction; trying to improve on the properties
of existing CMC or developing new CMC of better service properties. Badiee et al. (Badiee,
Ebadzadeh, & Golestani-Fard, 2001) studied the effects of CaO, MgO, TiO2 and ZrO2 on the
mullitization process in Iranian andalusite located in Hamedan mines. They discovered that all,
but ZrO2 favour the formation of mullite from andalusite.
Ebadzadeh and Ghasemi (Ebadzadeh & Ghasemi, 2002) produced zirconia mullite composites
from α-alumina, aluminium nitrate, zircon powder with TiO2 additive. Aramide et al. (Aramide,
Alaneme, Olubambi, & Borode, 2014) synthesized mullite-yttria stabilized zirconia composites.
Chandra et al. (Chandra, Das, Sengupta, & Maitra, 2013) synthesized zirconia-toughened ceramics
with a mullite matrix based on the quaternary system ZrO2–Al2O3–SiO2–TiO2 in the temperature
range 1450–1550°C using zircon-alumina-titania mixtures. Aramide and Popoola (Aramide &
Popoola, 2017) investigated the effects of niobium oxide additive on phase development and
physico-mechanical properties of zirconia-clay based ceramic composite. They discovered that
niobium oxide additive inhibits mullite formation in preference to aluminium niobate and
sillimanite.
The lead author in collaboration with other researchers have reported various findings on the
effects of titania and silicon carbide of phase development and properties of mullite-carbon
ceramic composites (Aramide & Akintunde, 2017a, 2017b; Aramide, Akintunde, & Oyetunji, 2016;
Aramide, Akintunde, & Popoola, 2017). But they observed that the investigated samples were
characterized with poor mechanical properties. The main aim of this work is to improve on the
mechanical properties of the carbon-based ceramic composites through the addition of Ifon clay.
2. Experimental
2.1. Materials
The kaolin sample was sourced from Okpella, Edo State, (of geographical location 7. 27ʹ 21° N, 6.
34ʹ 65°) Nigeria. The clay used was sourced from Ifon, Ondo State, (6. 55ʹ 0ʹ N, 5. 46‘ 0ʹ E) Nigeria
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and graphite was sourced from (Pascal Chemicals, Akure). The Ifon clay and kaolin samples were
first separately soaked in water for 3 days to dissolve the deleterious materials in them and at
the same time to form a slurry. The slurries were then sieved to remove deleterious materials
and other foreign substances. The sieved slurries were then allowed to settle down for 3 days
after which the clear floating water was decanted. The dispersed fine clays in water (clay
slurries) were then poured into plaster of Paris (POP) moulds and left undisturbed for 3 days in
order to allow the remaining water present to drain out completely. The resulting plastic clay
masses were sun dried and subsequently dried in a laboratory oven at 110°C for 24 h. The
resulting dried clay samples were crushed and milled in a Rawwley Sussex grinder to an average
particle size of 300 μm. The mass per cent of the composition was computed using Equations
(1–2), by computing the densities of the various constituents and the individual powders volume
fraction in each composition. The powders were weighed per batch of 100,.00 g on a sensitive
electronic weighing balance to five (5) decimal places. The individual (batch) composition was
thoroughly mixed in a ball mill for 3 h at 60 rev/min. The compositions of the blended samples
are shown in Table 1.
If
Mt ¼ Vkρk þ VCρC þ VIfonρIfon þ VSiCρSiC þ VTiO2ρTiO2; (1)
where
Vk, VC, VIfon, VSiC and VTiO2 are, respectively, the volume fraction of kaolin, graphite, Ifon clay, SiC
and TiO2. ρk, ρC, ρIfon, ρSiC and ρTiO2 are, respectively, the density of kaolin, graphite, Ifon clay, SiC
and TiO2. Mt is the total mass contribution of all the components. And if M is the mass of each
batch, then the mass contribution of each component could be calculated from:
Mc ¼ Vcρc MMt : (2)
Mc is the mass contribution of a component in a batch (kaolin or graphite or Ifon clay or SiC or
TiO2), Vc, ρc the respective volume fraction and density of the component. The resulting homo-
genous powder mixtures were compacted uniaxially into standard sample dimensions for the
various analyses. The moulded materials were fired at varying temperatures (1,400°C, 1,500°C
and 1,600°C) in an electric furnace. The rate of firing differs with increased temperature (room
temperature to 500°C the sintering rate was 250°C/min, 501°C to 1,000°C the sintering rate was 10°
C/min while above 1,000°C the sintering rate was 3°C/min). On reaching the various sintering
temperatures, the samples were held for 1 h at the temperature before the furnace was switched
off and the samples were allowed to cool in the furnace. The samples were subjected to the
various tests to examine the phase evolved during sintering and to evaluate how this affects their
physical and mechanical properties.
2.2. Testing
2.2.1. Apparent porosity
Test samples from each of the ceramic composite samples were dried out for 12 h at 110°C. The
dry weight of each fired sample was taken and recorded as D. Each sample was immersed in water
for 6 h to soak and weighed while being suspended in air. The weight was recorded as W. Finally,
Table 1. Constitution of the various samples
Sample
designation
Graphite
(wt.%)
Kaolin
(wt.%)
Ifon Clay
(wt.%)
SiC
(wt.%)
TiO2
(wt.%)
D 30 35 25 5 5
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the specimen was weighed when immersed in water (Aramide, 2015; Aramide et al., 2017). This
was recorded as S. The apparent porosity was then calculated from the expression:
%apparent porosity ðAPÞ ¼ ðW DÞðW SÞ  100: (3)
2.2.2. Bulk density
The test specimens were dried out at 110°C for 12 h to ensure total water loss. Their dry
weights were measured and recorded. They were allowed to cool and then immersed in a
beaker of water. Bubbles were observed as the pores in the specimens were filled with water.
Their soaked weights were measured and recorded. They were then suspended in a beaker one
after the other using a thread, and their respective suspended weights were measured and
recorded (Aramide, 2015; Aramide et al., 2017). Bulk densities of the samples were calculated
using the relation:
Bulk density ðBDÞ ¼ DðW SÞ ; (4)
where D represents the weight of dried specimen, S represents the weight of dried specimen
suspended in water and W represents the weight of soaked specimen in the air.
2.2.3. Water absorption
The test sample was dried out in an oven till a constant weight of the sample was obtained. The
sample was then placed in a vessel containing water in order to be completely submerged without
touching the bottom of the vessel in which it is suspended. The vessel was then heated slowly so
that the water boiled after heating. After boiling for about an hour with the evaporated water
replaced, the sample was allowed to cool at room temperature for 24 h. The sample was then
renamed, blotted and then reweighed. The percentage of water absorption was calculated as
shown:
Water Absorption ðWAÞ ¼ ðSoaked wt Dried wtÞðDried wtÞ 100: (5)
2.2.4. Cold compression strength, modulus of elasticity and absorbed energy
Cold compression strength test is to determine the compression strength to the failure of each
sample, an indication of its probable performance under load. The standard ceramic samples were
dried in an oven at a temperature of 110°C, allowed to cool. The cold compression strength tests
were performed on INSTRON SERIES 3369 at a fixed crosshead speed of 10 mm min−1. Samples
were prepared according to (Aramide et al., 2017; Aramide, 2015, ASTM C133–97, 2015). Once the
original dimension was imputed into the machine, it automatically calculates and displays the
mechanical properties (compression strength, strain, Young’s modulus and absorbed energy) on
the display unit (screen). The cold crushing strength of standard and conditioned samples can be
calculated from the equation:
Cold Crushing Strength ¼ ðLoad to fractureÞðSurface area of sample:Þ (6)
2.2.5. Qualitative and quantitative (XRD)
The samples were prepared for XRD analysis using a backloading preparation method. The
samples were analysed using a PANalyticalX’Pert Pro powder diffractometer with X’Celerator
detector and variable divergence- and receiving slits with Fe filtered Co-Kα radiation. The
phases obtained were identified using Match! Software. Graphical representations of the qua-
litative result will then follow. The relative phase amounts in weight% were estimated using
the Rietveld method (FullProf). Amorphous phases, present were not taken into consideration in
the quantification.
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2.2.6. Scanning electron microscopy
Morphology and microanalysis of the clay and composite samples were determined using ultra-
high resolution field emission scanning electron microscope (UHR-FEGSEM) equipped with energy
dispersive spectroscopy (EDS). The pulverize clay samples were graphite coated. The sintered
samples were studied using UHR-FEGSEM equipped with EDS. Particle images are obtained with a
secondary electron detector.
3. Results and discussion
Table 2 shows the phases developed in the various sintered samples, while Table 3 shows the physical
withmechanical properties of the sintered. Figure 1 shows the x-ray diffraction pattern of the Ifon clay
sample. From the figure, the major mineralogical phases are silica, aluminosilicate, haematite and
titania. Figure 2 shows the phases in the samples sintered at various temperatures. Figure 3 to 8 show
the effects of sintering temperature and additives on the physical and mechanical properties of the
various samples. While Figure 9–11 show the secondary electron images, backscattered with energy
dispersive spectroscopy (SEM/EDS) data of the samples sintered at various temperatures.
3.1. Combined effects of titania (TiO2) and silicon carbide on the phases developed in the
sample (sample D)
Table 2 and Figure 2 show the combined effects of titania, silicon carbide and sintering tempera-
ture on the phases developed in the samples D. From the figure and table, it is observed that at
Table 2. Showing the various phases developed in the samples
Sample Graphite TiO2 SiC Mullite Anorthite TiC Quartz Microcline Cristobalite
DT1 4.6 9.4 0.0 15.6 18.0 13.7 5.0 29.4 4.3
DT2 3.8 7.8 0.7 50.6 0.0 0.8 0.7 12.9 0.0
DT3 29.0 0.0 15.3 10.3 0.0 6.8 5.3 28.9 0.4
Table 3. Showing the values of investigated physical and mechanical properties
Sample Temp.
(°C)
Stress
(MPa)
Strain
(mm/mm)
Impact
(J)
Modulus
E (MPa)
Bulk
(g/cm3)
WA (%) AP (%)
D 1400 7.48136 0.08239 3.29092 90.8042 2.271 18.66 28.56
1500 18.70020 0.11868 10.54072 157.5683 1.753 18.95 27.79
1600 14.16836 0.07359 7.04267 192.5311 1.771 17.86 27.13
Figure 1. X-ray diffraction pat-
tern (phase analysis) of Ifon
clay sample.
Aramide et al., Cogent Engineering (2019), 6: 1584938
https://doi.org/10.1080/23311916.2019.1584938
Page 5 of 13
1400°C the phases present in the sample are 4.6% graphite, 9.4% titania, 15.6% mullite, 18.0%
anorthite, 13.7% titanium carbide, 5.0% quartz, 29.4% microcline and 4.3% cristobalite. From Table
1, the raw materials from which the sample is constituted composed of 35% kaolin, 25% Ifon clay,
30% graphite, 5% SiC and 5% titania. It has been reported that when kaolinite (a constituent of
kaolin clay) is subjected to firing at high temperature, it undergoes various phase changes from
kaolinite through dehydroxylation to metakaolinite at around 420° to 660°C (Qiu, Jiang, Li, Fan, &
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Huang, 2014). Furthermore, metakaolinite undergoes decomposition to amorphous silica and α-
Al2O3 type spinel at around 900°C. As the sintering temperature increases, the spinel and silica
recrystallizes to mullite above 1,100°C. However, some other researchers have reported that
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temperature on the water
absorption of the ceramic
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mullite begins to form with excess silica at a temperature above 900°C and continues till around
1,000°C (Aramide, 2012a; Srikrishna et al., 1990). This explains the origin of the mullite in the
samples. However, the presence of anorthite and microcline could be attributed to the Ifon clay
which has been reported to contain feldspar (Aramide, 2012b). Furthermore, Aramide (Aramide,
2015), reported his findings when he fired samples made from Ifon clay at temperatures between
800° and 1,200°C. He discovered that the major phases formed in the samples were quartz,
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Figure 9. SEM images of sample
DT1; showing secondary elec-
tron and backscattered images
with EDS.
Figure 10. SEM images with EDS
of sample DT2.
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microcline and anorthite. This explains the origin of microcline and anorthite in the samples (Gridi-
Bennadji, Beneu, Laval, & Blanchart, 2008; Gridi-Bennadji, Chateigner, Di Vita, & Blanchart, 2009).
However, as the sintering temperature was increased to 1,500°C, the amount of graphite in the
sample is observed to reduce to 3.8%. Further increase in the sintering temperature (to 1,600°C) is
observed to result in a sharp increase the amount of the graphite content to 29%. Moreover, the
amount of titania in the sample is observed to slightly reduce to 7.8% as the sintering temperature is
raised to 1,500°C. Beyond this temperature, the titania content is observed to reduce to 0% at 1600°C.
It can be equally observed that at 1,400°C, no trace of silicon carbide was seen in the sample (even
though about 5% SiC was part of the materials used in making the sample). It can be explained that
the SiC added as part of the constituent inmaking the samplewas oxidized to silica and carbon dioxide
as reported by Roy et al. (Roy, Chandra, Das, & Maitra, 2014) who reported that silicon carbide
undergoes active or passive mode of oxidation depending on the oxygen concentration (Callister,
2007) during which silica is liberated. This partly explains the origin of 5.0% quartz and 4.3% cristo-
balite (which are forms of silica). Furthermore, the initial 15.6% mullite in the sample at 1400°C is
observed to increase to 50.6% with an increase in the sintering temperature to 1500°C. Further
increase in the sintering temperature to 1600°C resulted in the amount of mullite being reduce to
10.3%. The 13.7% TiC observed in the sample at 1400°C could be said to be contributory to none
existence of SiC in the sample at that temperature. It can be inferred that the TiO2 reacted with the SiC
to form TiC and SiO2. As the sintering temperature is raised to 1,500°C, the amount of TiC is observed to
reduce to 0.8% and then to increase to 6.8% when the sintering temperature was raised to 1,600°C.
Furthermore, at 1,400°C the anorthite content of the sample is observed to be 18.0%, as the
sintering temperature was increased through 1500° to 1600°C the amount of anorthite in the
sample was observed to reduce to 0%. It could be said that the presence of titania does not favour
the stability of anorthite beyond 1,400°C. However, the initial 29.4% microcline content of the
sample at 1,400°C is observed to reduce to 12.9% when the sintering temperature was raised to
1,500°C. Further, increased in the sintering temperature of the sample resulted in the amount of
the microcline being increased to 28.9% at 1,600°C.
3.2. Effects of sintering temperature on the physical properties of the sintered ceramic samples
Figures 3–5 and Table 3 show the effects of sintering temperature and additives on the physical
properties of the sintered ceramic samples.
3.2.1. Apparent porosity
The effects of sintering temperature on the apparent porosity of the sintered ceramic samples is
depicted in Figure 3. From the figure can be observed that the apparent porosity of sample D
reduced with increased sintering temperature from 1,400°C through 1,500°C and then to 1,600°C.
Figure 11. SEM images with EDS
of sample DT3.
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This is clearly seen in Figures 9, 10 and 11 which show the secondary electron images, and the EDS
data of the samples. From Figure 9, it can be observed that the pore sizes and bigger (in sample DT1)
than those in Figures 10 and 11 (samples DT2 and DT3). This relationship of porosity with sintering
temperature is expected; because when ceramic is being sintered, the pores are closed up increasing
the bulk density and reducing the porosity of the samples (Callister, 2007; Gridi-Bennadji et al., 2009).
However, it is established in the literature that although graphite is a refractory material, it does
have a set-back of high-temperature oxidation at a temperature beyond 900°C (Aramide &
Akintunde, 2017b; Zhang, Wang, & Chen, 2006). The graphite particles will be oxidized with
increased sintering temperature, leaving voids within the ceramic material, thereby increasing
the apparent porosity of the samples with increased sintering temperature. Why then does sample
D has to behave differently? This can only be explained by looking at the other raw materials from
which the samples were produced. Aramide and Akintunde (Aramide & Akintunde, 2017b) reported
how about 4% SiC did impart high-temperature oxidation resistance to some graphite-based
ceramic sample. Since 5% SiC is only 1% more than what they reported, it could be inferred that
the 5% SiC did impart some level of oxidation resistance on the sample D. This is why its apparent
porosity did reduce with increased sintering temperature. As explained earlier, the silica (quartz
and cristobalite) formed during the reaction of TiO2 with SiC filled up the pores in the samples
thereby reducing the porosity with increased sintering temperature.
3.2.2. Bulk density
Figure 4 shows the effects of sintering temperature on the bulk density of the sintered ceramic
samples. From the figure, it can be observed that the bulk density of the sample D was initially
observed to be 2.271 g/cm3 at 1,400°C, it reduced to 1.753 g/cm3 as the sintering temperature was
raised to 1500°C. Further, increase in the sintering temperature is observed to slightly raise the
bulk density of the sample to 1.771 g/cm3. Comparing this with the previous section, it is expected
that the bulk density of the sample should increase with increased sintering temperature because
its porosity reduced with increased sintering temperature (Aramide, 2012a; Aramide et al., 2017).
The explanation that could be given for the reduction in bulk density with increased sintering
temperature is that at 1,400°C it contained 13.7% TiC and 9.4% titania (Figure 2 and Table 3).
These carbide and oxide have densities of 4.93 and 4.23 g/cm3, respectively. The density of the
sample reduced at 1,500°C because the content of TiC in it reduced to 0.8% while that of TiO2
reduced to 7.8%. Further increase in the sintering temperature to 1,600°C lead to the content of
the TiC in the sample to increase to 6.8% (which accounts for the slight increase in the bulk
density) and TiO2 reduced to 0%.
3.2.3. Water absorption
Figure 5 shows the effects of sintering temperature on the water absorption of the sintered
graphite based ceramics samples. From the figure, it can be observed that water absorption of
the sample was initially 18.66% at 1,400°C. When the sintering temperature was raised to 1,500°C
the water absorption slightly increased to 18.95%, further increase in the sintering temperature
resulted in the water absorption being reduced to 17.86%. The initial increase in the water
absorption of the sample as the sintering temperature was raised from 1,400°C to 1,500°C implies
that the open pores of the sample increased even though the porosity of the sample reduced with
the range of the sintering temperature as was earlier discussed in Figure 3. Further increase in the
sintering temperature to 1,600°C more of the open pores were closed up.
3.3. Effects of sintering temperature and additives on the mechanical properties of the
sintered ceramic samples
Figures 6–8 and Table 3 show the effects of sintering temperature and additives on the various
mechanical properties of the ceramic samples under consideration.
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3.3.1. Cold crushing strength (engineering stress)
Figure 6 shows the effects of sintering temperature and additives on the engineering stress of the
samples being considered. From the figure the engineering stress of the sample is observed to be
initially 7.481 MPa at 1,400°C, it is increased to its maximum of 18.7 MPa as the sintering
temperature was raised to 1,500°C. Further increase in the sintering temperature to 1,600°C is
observed to lead to a reduction in the engineering stress of the sample to 14.168 MPa. Comparing
this with what is earlier observed in Figure 3, at 1,400°C it is expected that the engineering stress of
the sample will be the least, since it has the highest porosity.
The more porous material is the less its loadbearing ability (Norton, 1968). This explains why the
cold crushing strength (engineering stress) of the sample sintered at 1400°C is the lowest.
However, an anomaly is observed in the values of the engineering stress of the samples sintered
at 1500°C and 1600°C: Judging from their apparent porosity values as earlier discussed, it is
expected that the value of the engineering stress of the sample sintered at 1600°C will be the
highest. But that was not the case, the explanation that could be given to this can be inferred from
Figure 2 and Table 2 earlier discussed. Looking at Figure 2 and Table 2, it will be observed that the
sample that was sintered at 1,500°C contains 50.6% mullite while the one that was sintered at
1,600°C contains only 10.3% mullite. The higher content of mullite in the sample sintered at 1,500°
C reinforced it better than the one that was sintered at 1,600°C, hence it possesses higher
engineering stress (Silvestre et al., 2015).
Moreover, from Figure 4, the sample that was sintered at 1,400°C is observed to have the highest
bulk density. Based on this, it would be expected that it will possess the highest load-bearing
capacity (engineering stress value). But in reality, it has the least value of engineering stress! The
reason for this is the combined effect of its high porosity and low content of mullite. The sample
that was sintered at 1,600°C has a value of engineering stress greater than that of the sample
sintered at 1,400°C because it is the least porous of all the samples and it contained 10.3% mullite
which is not much different from the content of 15.6% mullite for sample sintered at 1,400°C.
3.3.2. Absorbed energy
Figure 7 shows the effects of sintering temperature and additives on the absorbed energy of the
sintered ceramic samples. From the figure, the sample is observed to have a value of 3.291 J for
absorbed energy at 1,400°C, it is observed to increase sharply to about 10.541 J when the sintering
temperature of the ceramic sample is raised to 1,500°C. It however reduced to about 7.043 J with
further increase in the sintering temperature of the sample to 1,600°C. The relationship between
the absorbed energy of the sample and the sintering temperature is observed to follow the same
trend followed by the engineering stress of the sample with increased sintering temperature. The
same explanation given in the previous section is applicable to this behaviour. The sample with
more reinforcement is more toughened than the sample with less reinforcement. Both the phases
present in the samples and their porosity have an influence on the engineering stress and
absorbed energy of the samples.
3.3.3. Young’s modulus of elasticity
Figure 8 shows the effects of sintering temperature and additives on Young’s modulus of the samples.
From the figure, it is observed that Young’s modulus of the sample increased with increased sintering
temperature. At 1,400°C, it is observed that the Young’s modulus of the sample was 90.8042 MPa, it,
however, increased to 157.5683 MPa as the sintering temperature was increased to 1,500°C. Further
increase in the sintering temperature of the sample to 1,600°C is observed to lead to an increase in
Young’s modulus of the sample to 192.5311 MPa. Comparing Figure 8 with Figure 3, it will be observed
that when the porosity of the samples reduced with sintering temperature Young’s modulus of the
sample increased with increased sintering temperature. Young’s modulus is the measure of the
rigidity of the sample; for a sample to be more rigid, it has to be less porous.
Aramide et al., Cogent Engineering (2019), 6: 1584938
https://doi.org/10.1080/23311916.2019.1584938
Page 11 of 13
4. Conclusions
The addition of TiO2 and SiC in the sample lead to the formation of TiC in the sample at 1400°C and
1600°C. This takes place through high-temperature solid-state reaction (reaction sintering) of TiO2
and SiC. This also contributes to the reduction in the apparent porosity of the sample with
increased sintering temperature. The presence of titania in the sample does not favour the stability
of anorthite beyond 1,400°C. The formation of 50.6% mullite in the sample at 1,500°C made it have
the highest cold crushing strength and absorbed energy. Young’s modulus of the sample increased
with increased sintering temperature. The sample sintered at 1,500°C is considered optimum.
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